Study Design. In vivo analysis in swine model. Objective. The purpose of this study was to determine the accuracy of triggered EMG (t-EMG) and its reliability in lateral lumbar interbody fusions surgery. We also aim to document changes in psoas muscle produced during the approach. Summary of Background Data. Lateral lumbar interbody fusions is preferred over direct anterior approach because of lower complications, blood loss, and shorter recovery time. ThresholdEMGs are utilized for real-time feedback about nerve location; however, neurological deficits are widely reported, and are unique to this approach. Multiple factors have been hypothesized including neuropraxia from retractors and compression from psoas hematoma/edema. The variable reports of neurological complication even with t-EMGs indicate the need to study them further. Methods. Eight swines underwent left-sided retroperitoneal approach. The nerve on the surface of the psoas was identified and threshold-EMGs were obtained utilizing a ball-tip, and needle probe. First EMG and threshold responses required to elicit 20-mV responses were recorded for 2 mm incremental distances up to 10 mm. In the second part, a K-wire was inserted into the mid-lumbar disc space, and a tubular retractor docked and dilated adequately. Postmortem CT scans were carried out to evaluate changes in psoas muscle. Results. A t-EMG stimulus threshold of <5 mA indicates a higher probability that the probe is close to or on the nerve, but this was not proportional to the distance suggesting limitations for nerve mapping. Negative predictive value of t-EMGs is 76.5% with the ball-tipped probe and 80% with the needle probe for t-EMG !10 mA and indicates that even with higher thresholds, the nerve may be much closer than anticipated. Postoperative hematoma was not seen on CT scans. Conclusion. Threshold measurements are unreliable in estimating distance from the nerve in an individual subject and higher values do not always correspond to a 'safe zone.'' Key words: large animal study, LLIF, neuromapping, psoas hematoma, safe zone, threshold EMGs, triggered EMGs. Level of Evidence: 5 Spine 2016;41:E647-E653 E xtreme lateral approach reportedly results in less blood loss, lower complication rates, shorter hospital stays, and quicker recovery.
xtreme lateral approach reportedly results in less blood loss, lower complication rates, shorter hospital stays, and quicker recovery. 1 However, the technique is not without its own complications. Cahill et al 2 reported postoperative femoral nerve palsies, whereas others have reported transient sensory disturbances and hip flexor weakness. 3 To access the disc space, the surgeon must traverse the psoas and avoid the nerves coursing through it. Tohmeh et al suggested triggered EMGs (t-EMGs) to approximate distance from the nerve and delineate a ''safe zone.'' 1, 4 By measuring the amplitude of response, the surgeon could safely navigate the muscle belly. EMG responses <5 mA generally indicate direct nerve contact, between 5 and 10 mA indicate proximity, and >11 mÅ indicate acceptable distances.
Multiple studies, however, continue to document nerverelated complications even with t-EMGs. Lykissas et al 
MATERIALS AND METHODS
This is an Institutional Animal Care and Use Committee approved study. Investigation was performed at Montefiore Medical Center, Bronx, NY. All personnel were certified in animal management and well versed with the clinical application of this approach. The swine were sedated using IM atropine, telazol, ketamine, and acepromazine and IV propofol 100 to 160 mcg/kg/min and fentanyl 100 to 150 mcg/h were used for anesthesia. EKG, pulse oximeter, temperature probes, carotid arterial line, EMG electrodes in quadriceps (L3-4), and tibialis anterior (L5) were placed as per clinical protocol. Standard ball-tip and needle probe, retractor, and dilators were used (Depuy Synthes Spine Inc, Raynham, MA)
The swine were placed in the left lateral decubitus position and a retroperitoneal approach was performed to expose the psoas. The nerve on the surface of the muscle was identified and stimulated, and was selected by a consistent reproducible and recordable EMG response from Quadriceps (L2-4) or tibialis anterior (L5). A ball-tip probe ( Figure 1 ) was utilized for t-EMG using 100-ms duration stimuli, with the probe as cathode and a distant currentreturn electrode as anode. EMG threshold values were first measured for direct nerve stimulation. This point was marked with a marker, adjacent to the nerve. The probe was then moved anteriorly in 2-mm increments, utilizing a digital caliper, until 10 mm. Ten millimeters (1 cm) distance was chosen as this was felt to be a safe distance to avoid nerve damage during muscle dissection. EMG thresholds were recorded after stimulus at every 2-mm distance. After this, a 13-mm, 27-G needle electrode was inserted into the muscle until the spine was reached and t-EMG was performed at 2-mm intervals from the nerve until 10 mm. No stimulation was performed with the needle probe at 0 mm to avoid nerve damage. The stimulus threshold values in mA for the first visible EMG response (first EMG) and for first EMG response that was at least 20 mV in amplitude were recorded for each distance. Motor evoked potentials (MEPs) and free run EMGs were recorded throughout the experiment.
In the second part of the experiment, a guide wire was inserted through the psoas at a mid-lumbar disc space. A retractor was inserted and dilated to 25 mm in the anteroposterior direction and, kept in place for 25 minutes. Wakeup test was not performed as hip weakness would be difficult to quantify in a swine under anesthesia. Swine were euthanized 3 hours postinduction, which is longer than average single level surgery in clinical settings and felt capable of producing inflammation or psoas hematoma. A CT scan of the lumbar spine was performed postmortem to evaluate for hematoma. A 64-slice scanner (GE LightSpeed VCT, GE Healthcare, Buckinghamshire, UK) in helical mode (kVp 120, mA 200-735) with 0.625 slice thickness was utilized. Images were evaluated by a musculoskeletal radiologist. The long and short psoas axes were measured on axial slices through the mid-portions of the L1-L5. Increase in the size of psoas would indicate hematoma or swelling because of inflammation. Tissue attenuation (density) was measured in Hounsfield units and muscle appearance subjectively analyzed to assess heterogeneity. Hounsfield is a quantitative scale to describe radiodensity. Acute hematomas would have a higher density compared with the surrounding tissue and opposite side psoas. The contralateral psoas served as control.
Data Analysis
Threshold values obtained at each 2-mm distance for a first EMG and a 20-mV EMG response were examined using Friedman tests followed by Wilcoxon signed-rank tests with false discovery rate adjusted P values for post hoc pairwise comparisons between adjacent distances from the nerve.
RESULTS
Eight swine were used in this study. The depolarization thresholds for first EMG and for a 20-mV EMG response using ball-tip and needle probes are detailed in Figure 2A -D. (Figure 2A and B). Median threshold values increased as the distance from the nerve increased, for both first EMG (P < 0.001, Friedman test) and 20-mV EMG responses (P < 0.001, Friedman test). However, the differences were not significant between 6, 8, or 10 mm for first EMG and between 4, 6, 8, or 10 mm for a 20-mV EMG response (Tables 1 and 2 ). This shows that increasing thresholds with the ball-tip probe are not proportional to the distance from the nerve.
For needle probe the median thresholds for first EMG and a 20-mV EMG response were 1.50 (0.34-3.60) and 3.40 (Tables 1 and 2 ). These results indicate that increasing threshold values with the needle probe are not proportional to the distance from the nerve.
Both ball-tip and needle probes showed poor overall progression of depolarizing threshold as the distance from the nerve increased. Moreover, the range of data seen at various distances showed marked overlap, indicating that the same depolarizing threshold could occur with multiple different actual probe positions.
Reliability of EMG in Determining ''Safe Zone'' for Access
Ball-Tip Probe The positive predictive value (PPV) using <5 mA as a threshold in identifying proximity to the nerve (defined as a distance of 0-4 mm from the nerve) is 79% (19/24) and the negative predictive value (NPV) in identifying safe zone (defined as a distance of 6-10 mm from the nerve) is also 79% (19/24) ( Table 3) . PPV using <10 mA as a threshold in identifying unsafe zone is 64.5%% (20/31) and the NPV in identifying safe zone is 76.5% (13/17) ( Table 3 ). The sensitivity for the test utilizing <5-mA threshold as unsafe is 79% (19/24) and specificity is also 79% (19/24). In contrast, the sensitivity for <10 mA threshold in determining unsafe zone is 83.3% (20/24) and specificity is only 54.2% (13/24).
Needle Probe PPV using <5 mA as a threshold in identifying proximity to the nerve is 75% (9/12) and the NPV in identifying safe zone is 75% (21/28) ( Table 3 ). The PPV using <10 mA as a threshold in identifying unsafe zone is 52% (13/25) and the NPV in identifying safe zone is 80% (12/15) ( Table 3 ).
The sensitivity for the test utilizing <5 mA threshold as unsafe is 56.3% (9/16) and specificity is 87.5% (21/24). In contrast, the sensitivity for <10 mA threshold in determining unsafe zone is 81.3% (13/16) and specificity is only 50% (12/24).
CT Scans
Five swines had post-op CT scans. Imaging of the remaining was unavailable because of institutional time restraints. The psoas muscles in each case were symmetric in size without difference in homogeneity (Table 4) ; no subjective increase in attenuation or objective increase in Hounsfield units to suggest acute hematoma formation.
Relative decrease in attenuation was seen subjectively in four instances (pig #2, and pig#4 at L4 and L5). Hounsfield units were within two standard deviations of the right side and likely because of streak artifact from adjacent air-filled bowel (Table 4) .
DISCUSSION
LLIF reduces the risks associated with a direct anterior approach; however, sensory and motor deficits are major issues. Although t-EMG provide real-time feedback concerning nerve location, neurological deficits are still widely reported. Lykissas et al 8 retrospectively compared the incidence of neurologic deficits in 72 patients undergoing LLIF with recombinant human bone morphogenetic protein (rhBMP) and 72 patients without rhBMP-2. Sensory deficits were seen in 33 out of 72 patients in rhBMP group and in 35 out of 72 patients in non-rhBMP group. Motor deficit was seen in 37 and 28 patients respectively (P ¼ 0.133) despite neuromonitoring. Smith et al 9 reported thigh weakness in 79 of 566 (14%) of their patient series. They attributed this to psoas manipulation, hematoma, or inflammation. Sofianos et al 10 reported complications in 18 of their 45 patients (40%): 10 (22.2%) had psoas weakness, three had quadriceps weakness, and one patient had foot drop. Eight patients (17.8%) had anterior thigh hypoesthesia. Seven of these, at an average 9-month follow-up, had persistent symptoms. Yuan et al 11 compared complications after LIF through direct psoas visualization (n ¼ 19) to standard extreme lateral interbody fusion (XLIF, n ¼ 15). They found sensory deficits in eight (42%) and seven (47%) patients, respectively. Overall complication rates were 69% with LIF and 83% with XLIF. The Hounsfield units were also measured for each muscle from L1 to L5. This table shows the median size and Hounsfield difference for the muscles at each level. There was no significant difference in size or Hounsfield units for the muscles at each level. Range of differences is parenthesized.
This study was carried out to examine the reliability of t-EMG in determining safe zone. We found that, although the t-EMG increased with the distance from the nerve in the same animal, there was a very large intersubject variability in absolute threshold measurements. For example, the threshold range for the first EMG with the ball-tip probe on the nerve was 0.15 to 1.70 mA, but was 0.42 to 7.90 mA at 10-mm distance. A threshold of 1 mA could mean that the probe is either on the nerve or 10 mm away. Thus, t-EMG cannot be used to reliably estimate the distance between the probe and the nerve in an individual subject.
Low threshold measurements do indicate a higher probability that the probe is close to the nerve. The PPV using <5 mA in identifying proximity to the nerve is 79% with the ball-tip probe and 75% with the needle probe. The NPV in identifying safe zone is also 79% and 75% (21/28) respectively ( Table 3 ). The increased likelihood of low t-EMG thresholds adjacent to the nerve possibly accounts for the decrease in postoperative deficits reported by Uribe et al. 3 Uribe et al suggested that t-EMGs can help estimate the proximity to the nerve. 3 Although we also found that the threshold increased with the distance, this was only true over the first 4 mm. Thereafter, the stimulus required generally increased, but it was not proportional to the distance from the nerve. Indeed, in some cases, this threshold remained constant or even decreased as distance increased (Figure 2A-D) .
Yet, it is this higher threshold that is necessary for determining the safe zone or area where the nerve is not present. In our study, we found the false negative rate, that is the rate at which the surgeon would incorrectly believe to be in the safe zone, was clinically significant. Using the 0 to 4-mm cutoff as an unsafe zone, false-negative tests at !5 mA were seen 5 of 24 times with the ball-tip probe (false negative rate 20.8%) and 7 of 28 times with the needle probe (false-negative rate 43.8%). For >10-mA threshold as safe, a false-negative rate of 16.7% was seen with the balltip probe and a false-negative rate of 18.8% was seen with the needle probe. This means that the nerve is between 0 and 4 mm from the probe but the threshold is still high and suggests that the probe is in the safe zone.
The PPV using <10 mA as a threshold in identifying unsafe zone is 64.5%% with the ball-tip probe and 52% with the needle probe. The NPV in identifying safe zone is 76.5% with the ball tipped probe and 80% with the needle probe (Table 3) . This means that when the EMG readings indicate a safe zone, it is safe only 75.6% of the time with the ball-tip probe and 80% of the time with the needle probe. The sensitivity for the test utilizing <10 mA threshold in determining unsafe zone is 83.3% with the ball tipped probe and 81.3% with the needle probe. The specificity is only 54.2% with ball tipped probe and 50% with the needle probe. A specificity of 50% or 54% is fairly low. The inability to accurately predict safe distance from the nerve may help to explain the ongoing neurologic complications seen following LLIF surgery. Although t-EMG may be more accurate at locating a nerve when the probe is directly upon it, as the probe is moved away from the nerve, its accuracy rapidly diminishes. The false sense of security afforded to the surgeon may cause over-distraction or stretching of the nerve by retractors and may result in neuropraxic injury. Depending on the tethering effect of the muscle fibers and direction of the exiting nerve, the retraction of the nerve may be benign or may cause injury.
Tohmeh et al 1 postulated that postoperative weakness could be because of muscle dissection. Our study evaluated the incidence of psoas hematoma/edema on CT scans. CT is a validated tool for assessing psoas hematoma. 12, 13 No animal had significant hematoma or muscle edema on postoperative CT scan. The psoas outline, shape, size, and signal consistency was same on the operative and the nonoperative side. Our assessment could be limited as the swine were euthanized 3 hours after the experiment. However, studies report weakness immediately post-op and 3 hours seems sufficient to produce measurable muscle injury response. In this study, the retractors were left in place for 25 minutes. In a study of 65 patients, Buric et al 14 reported the average time for single-level LLIF was 29 minutes. The retractor blades were dilated to 25 mm, as this opening is large enough to accommodate insertion of standard cages (18-22-mm width). We also did not carry out discectomy and cage insertion. Although this may have resulted in some more bleeding and hematoma, discectomy and implant insertion are relatively ''bloodless'' events and blood loss in LLIF is fairly small. Lack of hematoma or edema in this study suggests that it is an infrequent occurrence and less likely of any significance.
Our sample size is small, but this exploratory study reveals results that suggest a need to further explore the reliability of t-EMG in navigating safe passages through psoas muscle. ''Safe thresholds'' utilizing t-EMGs may not consistently be accurate and can result in unintended proximity to the adjacent nerves with possible neuropraxia following dilation. This may be the cause of postoperative neurological compromise. Although we believe that t-EMG has substantially increased the feasibility of LLIF, surgeons must be cautioned as to its limitations.
Key Points
t-EMGs are used in LLIF for safe access through the psoas muscle. Hip flexor weakness has been variably reported in LLIF. Threshold EMGs are not reliable for nerve mapping because higher values do not always correspond to a safe distance from nerve. Negative predictive value of t-EMG utilizing a balltip probe was 76.5%. Negative predictive value of t-EMG utilizing a needle probe was 80%.
